More than 15 human genetic diseases have been associated with the expansion of trinucleotide DNA repeats, which may involve the formation of nonduplex DNA structures. The slipped-strand nucleation of duplex DNA within GC-rich trinucleotide repeats may result in the changes of repeat length; however, such a mechanism seems less likely for the AT-rich (GAA) n´( TTC) n repeats. Using twodimensional agarose gels, chemical probing and atomic force microscopy, we characterized the formation of non-B-DNA structures in the Friedreich ataxia-associated (GAA) n´( TTC) n repeats from the FRDA gene that were cloned with¯anking genomic sequences into plasmids. For the normal genomic repeat length (n = 9) our data are consistent with the formation of a very stable protonated intramolecular triplex (H-DNA). Its stability at pH 7.4 is likely due to the high proportion of the T´A´T triads which form within the repeats as well as in the immediately adjacent AT-rich sequences with a homopurineh omopyrimidine bias. At the long normal repeat length (n = 23), a family of H-DNAs of slightly different sizes has been detected. At the premutation repeat length (n = 42) and higher negative supercoiling, the formation of a single H-DNA structure becomes less favorable and the data are consistent with the formation of a bi-triplex structure.
INTRODUCTION
Friedreich ataxia, an autosomal recessive neurodegenerative disease, is the most common inherited ataxia. Its clinical manifestations include progressive gait and limb ataxia, dysarthria, lower limb are¯exia, diminished vibration sense, muscle weakness of the legs and extensor plantar response (1) . The gene responsible for Friedreich ataxia, FRDA, in chromosome 9q13±q21.1 contains seven exons and encodes a 210 amino acid protein, frataxin (1±3). Approximately 98% of Friedreich ataxia patients have an expanded (GAA) n´( TTC) n repeat in the ®rst intron of the FRDA gene. Normal alleles have ®ve to 33 repeats of uninterrupted (GAA) n´( TTC) n repeats, premutation alleles have 34±65 repeats, whereas Friedreich ataxia-associated alleles have 66±1700 repeats (3±7). The length of (GAA) n´( TTC) n repeats inversely correlates with the age of onset and directly correlates with the severity of the disease (4, 8, 9) . Friedreich ataxia patients carrying expanded (GAA) n´( TTC) n repeats have low levels of mature frataxin transcript (3, 10) and of frataxin (11) .
Structural properties of the (GAA) n´( TTC) n repeats affect the stability of the repeat length as well as expression of the FRDA gene. On the one hand, aberrant structures in the repeats may lead to uncontrolled repeat expansion, possibly, during replication and/or recombination. On the other hand, the aberrant structures appear to in¯uence gene expression. The structures are likely asymmetric because they differently alter transcription from the constituent strands: the synthesis of the GAA-rich transcript is impaired to a greater extent that the synthesis of the UUC transcript (12±14). The aberrant structures may potentially form and stably exist between the rounds of DNA replication and transcription. Intrinsic superhelical tension present in eukaryotic DNA (15±17) or a transient wave of supercoiling from a preceding round of transcription (18) may drive the formation of non-B-DNA structures. Aberrant structures may also form during DNA replication, repair, recombination, or possibly during transcription when the complementary strands temporarily separate to provide a template for the synthesis of nascent DNA or RNA.
The structural potential of (GAA) n´( TTC) n repeats may depend on their two different sequence symmetry elements. (i) As direct repeats they may form slipped-strand DNA structures. Misaligned nucleation of the duplex DNA within the GC-rich (CTG) n´( CAG) n or (CCG) n´( CGG) n repeats may lead to the formation of slipped-strand DNA structures (19) , for example, during transcription. A slipped misalignment is feasible for the pure polymeric (GAA) n´( TTC) n repeats with the loop-outs possibly forming hairpins (20, 21) . However, *To whom correspondence should be addressed. Tel: +1 713 677 7675; Fax: +1 713 677 7689; Email: vpotaman@ibt.tamushsc.edu such a slippage seems unlikely when the AT-rich (GAA) n( TTC) n repeats re-anneal in the genomic context because the correct re-association of separated strands may easily start in the¯anking sequences with a higher GC content. Annealing from¯anking regions would lead to the re-association of strands into duplex DNA. (ii) In the (GAA) n´( TTC) n repeats, pyrimidine (Py) and purine (Pu) bases are segregated in complementary strands and the resultant homopyrimidineh omopurine (Py´Pu) sequence character is appropriate for the formation of triple-stranded DNA structures (22±24). Additionally, (GAA) n´( TTC) n lengths possess mirror repeat symmetry, which is necessary to form an intramolecular triplex/single strand structure (H-DNA). Early investigations of the pure (GAA) n´( TTC) n repeats (n = 9, 18) cloned in supercoiled plasmids showed the formation of H-DNA that was stable at acidic pH, where cytosines are hemi-protonated, and less stable at pH 7 (25, 26) . Additionally, 18 repeats formed more complex bi-triplex structures at acidic but not at neutral pH (26) . Studies of longer (GAA) n´( TTC) n repeats (n = 38, 58) produced somewhat inconsistent results. Plasmid DNA showed supercoil relaxation at both pH 4.5 and 8.3, as expected for a local non-B-DNA formation; however, the chemical probing experiments con®rmed the formation of non-B-DNA structures only at pH 4.5 (27) . Long (GAA) n´( TTC) n repeats (n b 75) cloned together with their anking genomic sequences formed complicated`sticky DNA' structures that were too large for a de®nitive chemical probe characterization either as bi-triplexes or as one long triplex (28, 29) . Additional uncertainty about the triplex structures in (GAA) n´( TTC) n repeats relates to the identity of the third strand. Some workers have proposed that it is the Pu DNA strand (28) or the Pu RNA strand (12, 27 ) that binds to the duplex (GAA) n´( TTC) n repeats.
Here we analyzed the local structures formed by the (GAA) n´( TTC) n repeats that fall in the categories of short normal (n = 9), long normal (n = 23) and premutation length (n = 42) that were cloned with their¯anking genomic sequences into plasmids. These repeat lengths are short enough for a detailed structural evaluation by chemical probes. We expected that the overall local structures might involve both the (GAA) n´( TTC) n repeats and the immediately adjacent AT-rich sequences that are quasi-mirror-repeated. At the normal genomic length of the repeats (n = 9), a very stable protonated Py´Pu´Py intramolecular triplex (H-DNA) forms at pH 7.4. Formation and stability of this structure are likely due to the high proportion of T´A´T triads which form within the repeats as well as in the immediately adjacent AT-rich¯anks. At the long normal repeat length (n = 23), a family of H-DNAs of slightly different sizes has been detected. At the premutation repeat length (n = 42) and higher negative supercoiling, the formation of a single H-DNA structure becomes less favorable and the data are consistent with the formation of a bi-triplex structure.
MATERIALS AND METHODS

Plasmids
Plasmids pGAA9, pGAA23 and pGAA42 contain respectively nine, 23 and 42 (GAA)´(TTC) repeats,¯anked by 67 and 155 bp of the FRDA gene (Table 1) . To obtain these plasmids, genomic DNA sequences originally cloned in pCR3.1 (12) were PCR ampli®ed using a pair of primers containing EcoRI and BamHI sequences, and then recloned between the EcoRI and BamHI sites of pUC8. Subcloned inserts contained repeated sequences of correct lengths as can be seen in Figures 3±5 . A control plasmid pGAA9NF (no¯anks) contains nine (GAA)´(TTC) repeats cloned between the EcoRI and HindIII sites of pUC8. All plasmids were puri®ed by CsCl/ethidium bromide gradient procedures (30) .
Each of eight fractions of differently supercoiled DNA (topoisomers) were prepared by incubating 5 mg of plasmid DNA in the presence of appropriate concentrations of ethidium bromide (0±13 mM) with 8 ml of topoisomerase I-containing nuclear extract from HeLa cells in 100 ml of reaction buffer (100 mM NaCl, 10 mM Tris±HCl, 1 mM EDTA, pH 7.6) (31). Average superhelical densities of the topoisomer fractions were calculated as s = ±10.5t / N, where N is the number of base pairs in the plasmid and t is the number of negative superhelical turns determined by a band counting method after topoisomer separation in an agarose gel in the presence of chloroquine (31) . After removal of ethidium bromide and proteins by two phenol and two chloroform extractions, DNA was ethanol precipitated and dissolved in 10 mM Tris (pH 7.5), 1 mM EDTA. This created topoisomers with superhelical densities from s = 0 to s = ±0.09.
Two-dimensional agarose gel electrophoresis
A mixture of topoisomers (4 mg) with a broad distribution of superhelical densities was pre-incubated at 37°C in 10 ml of TAE buffer (40 mM Tris-acetate, 5 mM sodium acetate, 1 mM EDTA, pH 8.3) for 1 h and, after addition of 5 ml of dye mixture, the sample was loaded onto a 1.5% agarose gel (15 Q 15 cm). Two-dimensional gel electrophoresis was performed at 4 V/cm using TAE buffer for the ®rst dimension and the same buffer containing 3 mg/ml chloroquine for the second dimension. The gel was run at 37°C in a temperaturecontrolled incubator for the ®rst dimension, and at room temperature for the second dimension. After electrophoresis in the second dimension, the gel was extensively washed to remove the chloroquine, stained with ethidium bromide and photographed.
Chemical probe analysis
Chemical probe analysis under the conditions of one hit per molecule, was performed as previously described (31, 32) . Unpaired regions in supercoiled plasmids (0.25 mg of DNA) in 40 ml of 0.5Q TEN buffer (5 mM Tris±HCl, 25 mM NaCl, 0.5 mM EDTA, pH 7.6) or 0.5Q TEN buffer appended with 2 mM MgCl 2 were probed with 0.5% chloroacetaldehyde (CAA) for 8 min and 1 mM KMnO 4 for 5 min at 37°C. Protection of guanines from dimethylsulfate (DMS) reaction upon triplex formation was probed with 0.1% DMS for 10 min. CAA reactions were terminated by diethyl ether extraction, while KMnO 4 and DMS reactions were stopped by addition of b-mercaptoethanol to 400 mM. After ethanol precipitation, 0.1 mg of DNA was used to reveal chemically susceptible bases by the radiolabeled primer extension technique using a Stoffel fragment of Taq polymerase that terminates synthesis at the chemically modi®ed sites. Primer extension products were separated on a 7% sequencing gel alongside a DNA sequence pattern obtained by sequencing unmodi®ed DNA with the same primers and a mixture of KlenTaq1 and Pfu polymerases as described (33) . The gel was exposed to a PhosphoImager plate for further analysis of reactive sites by the ImageQuant software (Molecular Dynamics).
AFM imaging
The AFM images were taken with a MultiMode SPM instrument equipped with D-scanner (Digital Instruments, Santa Barbara, CA) operating in a tapping mode as described elsewhere (34) . NanoProbe TESP (Digital Instruments) and OTESPA probes (K-TEK International, Portland, OR) were used for imaging in air. The typical tapping frequency was 240±280 kHz for TESP tips and 340±380 kHz for the K-TEK probes, and the nominal scanning rate was 2±3 Hz. DNA samples were deposited from 10 mM HEPES, 1 mM EDTA, pH 7.5, at 20°C.
RESULTS
To study the formation of non-B-DNA structures by the Friedreich ataxia-associated (GAA) n´( TTC) n repeats within their genomic context, we cloned fragments of the FRDA gene containing nine, 23 and 42 (GAA)´(TTC) repeats¯anked by 67 and 155 bp of human genomic sequences 5¢ and 3¢ of the (GAA) n repeat, respectively ( Table 1 ). The sequences immediately¯anking the repeats are quasi homopyrimidineh omopurine in nature and have almost perfect mirror symmetry; therefore, they enlarge the region capable of intramolecular triplex formation. Figure 1 shows twodimensional gels of plasmids containing nine, 23 and 42 repeats separated in TAE buffer, pH 8.3. In all cases, the retardation in the ®rst direction mobility of topoisomers with more than 12 supercoils indicates that local non-duplex structures formed in supercoiled plasmids. The structural transition in plasmid pGAA9 (Fig. 1A) relaxed about three to four supercoils, consistent with a structural rearrangement that may involve unwinding of three to four turns of the double helix. In plasmids pGAA23 and pGAA42 increasing superhelical tension induced gradual unwinding of a longer DNA region that presumably rearranges into a non-B-DNA structure (Fig. 1B and C) . This is consistent with the initial formation of a rather small non-B-DNA structure followed by its rearrangement into a larger, perhaps different, structure. The non-B-DNA structures formed may involve the entire repeat tracts. An estimated relaxation of nine supercoils can be seen in the gel for pGAA23, corresponding to an unwound region of~94 bp. Since the entire repeated sequence is only 69 bp, it is likely that an unwound region also includes a part of the adjacent AT-rich¯anking sequences, similar to the previous observation for (ATTCT) n´( AGAAT) n repeats¯anked by ATrich sequences (35) . In the case of pGAA42 a maximum of approximately 11 supercoils were relaxed, corresponding to unwinding~115 bp, which is close to the length of the entire repeated sequence (127 bp).
Atomic force microscopy images of repeat-containing plasmids show that many molecules contain thick protrusions at positions where the DNA duplex makes a sharp U-turn. The visible protrusion size increases with the length of cloned (GAA) n´( TTC) n repeats. Figure 2 presents several images of plasmids containing nine and 42 repeats in which the protrusions have been unambiguously identi®ed. The appearance of the observed protrusions is similar to those seen previously for DNA molecules with a 46 bp mirror-repeated Py´Pu sequence that only had an option to locally unwind and form an H-DNA structure (36) .
To con®rm H-DNA formation in the (GAA) n´( TTC) n repeat-containing plasmids and to identify the structural details, we used the chemical probe analysis. CAA is reactive with unpaired adenines and cytosines, potassium permanganate (KMnO 4 ) is reactive with unpaired thymines, and the absence of DMS reactivity with guanines indicates that their N7 positions are involved in hydrogen bonding, as in triplex DNA or the protein±DNA complex. Figure 3 shows chemical modi®cation patterns for nucleobases in the strands containing (TTC) 9 (A) and (GAA) 9 (B) at pH 7.4. As shown in Figure 3A , upon increasing superhelical tension in the plasmid, cytosines in the middle of the Py-rich strand, mostly the central one, and adenines in the AT-rich 3¢¯ank (bottom of the gel) become unpaired and reactive with CAA. That the bases in the AT-rich ank unpair is supported by the reactivity of accessible thymines with KMnO 4 . In the Pu-rich strand, at increasing superhelical tension, adenines in the 5¢ half of the (GAA) 9 region become accessible to CAA (Fig. 3B) . Consistent with the transition superhelical density of s = ±0.046 (13 supercoils), determined from two-dimensional gel analysis, CAA reactivity indicates initial plasmid unwinding in the topoisomer fraction of an average superhelical density of s = ±0.047. At high superhelical tension, DNA unwinding extends into the¯anking sequence, as deduced from the CAA reactivity of adenines and the KMnO 4 reactivity of thymines 5¢ of the (GAA) 9 stretch. At the same time, guanines in the 3¢ half of the (GAA) 9 repeats become partially protected from reaction with DMS. Figure 3C shows a Py´Pu´Py intramolecular triplex that is consistent with the described pattern of chemical reactivity. Several important features of this structure are evident: (i) it is formed by folding the (TTC) 9 strand in the middle; (ii) it involves four protonated C´G´C + triads that are stable at neutral pH, which is unusual as cytosine normally requires acidic conditions for protonation; (iii) there are seven T´A´T triads that extend the intramolecular triplex past the end of the (GAA) 9´( TTC) 9 repeat; (iv) the triplex is very AT-rich and contains 76.5% T´A´T triads. It is very likely that the high proportion of the pH-independent T´A´T triads and the seven T´A´T triads at the triplex end make the partially protonated triple-stranded structure very stable at pH 7.4. Chemical probing of plasmid pGAA9NF which contains only (GAA) 9´( TTC) 9 without additional triadforming nucleobases in the¯anks supports this suggestion. Compared with pGAA9, unwinding of pGAA9NF at pH 7.4 requires much higher supercoiling: CAA reactivity was only detected in the topoisomer fractions of average superhelical densities s b ±0.09 (data not shown). Figure 4 presents the CAA and KMnO 4 reactivity of nucleobases in the Py-rich and Pu-rich strands of the plasmid containing (GAA) 23´( TTC) 23 repeats. In the (TTC) 23 sequence, the CAA reactivity is observed at the eleventh cytosine, thus indicating a predominant site of an alternative folding of the Py-rich strand (Fig. 4A) . At this repeat length, the 5¢ half of the (GAA) 23 region is predominantly modi®ed with CAA (Fig. 4B) ; however, there is no clear-cut boundary of the modi®ed region as typically observed for a de®ned triplex structure (Fig. 3B) (31,32) . The reactivity pattern of Figure 4B is consistent with a set of multiple similarly folded structures. The maximum CAA reactivity in the (GAA) 23 sequence is observed at about the ninth to tenth repeats from the 5¢ end, which presumably re¯ects the most abundant 42 repeats. (C) At intermediate superhelicity, the 5¢ end of the GAA strand in H-DNA is unpaired, whereas at higher superhelicity, the 3¢ end of the GAA strand also becomes unpaired, thereby forming a bi-triplex structure.
folded conformation. A predominant boundary of an unpaired strand in H-DNAs of slightly different sizes would be expected given a variable folding pattern. The triplex structure may extend from the repeats into the¯anking AT-rich sequences where several thymines in both strands are reactive with KMnO 4 (Fig. 4A and B) . Thus, in a family of similar structures formed in plasmid pGAA23, the H-DNA with about 10 GAA trinucleotides involved in the formation of the triplestranded region is the predominant one.
DNA unwinding and alternative folding within the (GAA) 42´( TTC) 42 repeats at intermediate superhelical tension are similar to those for (GAA) 23´( TTC) 23 repeats (Fig. 5A and  B) . The predominant H-DNA folding involves about 12 GAA trinucleotides in the formation of the triple-stranded region (Fig. 4A, lane 8 and B, lane 4) . However, at higher superhelical tension the distribution of CAA-reactive sites in the (GAA) 42 strand starts to show a bi-modal character (Fig. 4B, lane 8) . In addition to the major single-stranded region at the 5¢ region of the (GAA) 42 sequence, which is slightly shifted downward, a second CAA-reactive region appears toward the 3¢ end of the (GAA) 42 sequence. The maximum CAA reactivity maps to the eighth to ninth trinucleotides from the end (Fig. 4B) . One model that may explain the bi-modal distribution of CAA reactivity in the (GAA) 42 sequence is a bi-triplex presented in Figure 5C .
The chemical probing data presented in Figures 3±5 indicate the formation in TEN buffer of an H-DNA with the Py third strand. One might expect that in the presence of divalent metal cations the H-DNA would isomerize in the H¢-DNA with the Pu third strand (37, 38) . However, at 2 mM MgCl 2 the observed patterns of CAA reactivity for nine, 23 and 42 (GAA)´(TTC) repeats¯anked by human genomic sequences remained the same as without MgCl 2 (data not shown).
DISCUSSION
(GAA) n´( TTC) n repeat length-dependent structure formation at neutral pH Our results show that under superhelical tension short (GAA) n´( TTC) n repeats form protonated H-DNA which exists at neutral pH. This structure may involve the entire repeated sequence and the quasi mirror-repeated AT-rich¯anks. Compared with other mirror-repeated Py´Pu sequences that normally form H-DNA at pH 4.0±5.5, which are close to the pK a of cytosine (pK a = 4.3), the formation of protonated H-DNA in the short (GAA) n´( TTC) n repeats may occur at higher pH (pH 6.0±6.5) (25, 26) . H-DNA in the Friedreich ataxia (GAA) n´( TTC) n repeats and their genomic¯anking sequences is even more stable and exists at pH 7.4. It does not require stabilization beyond an appropriate pH range by the usual stabilizers, magnesium or polyamine cations (31, 39, 40) . H-DNA stability in the Friedreich ataxia (GAA) n´( TTC) n repeats and their genomic¯anking sequences is probably due to the high proportion of the pH-independent T´A´T triads, especially the seven T´A´T triad closure at the end. Consistent with this suggestion, H-DNA in (GAA) 9´( TTC) 9 without additional T´A´T triads requires stabilization by a much higher superhelicity than in (GAA) 9´( TTC) 9 in the human genomic context. Upon increasing the repeat length, H-DNA in pGAA23 forms closer to one side of the repeats, however, it also involves an adjacent AT-rich¯ank, which increases the proportion of neutral T´A´T triads and likely stabilizes this H-DNA. Another factor that may account for H-DNA stability at neutral pH is a rather long length of triple-stranded structure, in accord with the previously described trend (41± 43). When the Py´Pu sequence becomes suf®ciently long, in our case 42 repeats plus the adjacent Py´Pu tract, the formation of a bi-triplex structure becomes possible. This also agrees well with the previously reported preference of long Py´Pu tracts to form two shorter triplexes instead of one long structure (26, 40, 44) . This may be related to accumulation of minor sterical inconsistencies in ®tting the third strand into the major groove of an acceptor duplex, which eventually results in destabilization of a long triplex and its rearrangement into two shorter ones (23) . In addition to the supercoil-driven triplex formation described above, a stable protonated Py´Pu´Py triplex has been reported for linear (GAA) n´( TTC) n repeats (45, 46) . For example, during extension of the GAA primer by DNA polymerase on a single-stranded TTC template, half of the (TTC) n tract folds and binds as a third strand to the nascent duplex. This is similar to other Py´Pu sequences where either the Py or Pu template folded to form the triplex during DNA polymerization (47, 48) .
Several variants of the neutral triplex structures in the (GAA) n´( TTC) n repeats have been proposed in which the Pu DNA or a nascent Pu RNA serve as third strands (12±14, 27± 29) . An all-DNA intermolecular triplex with the GAA third strand may stably exist at temperatures, pH and divalent salt concentrations close to the physiological ones (14, 24) . Such a triplex potentially forms during transcription and impairs the synthesis of the GAA transcript (14) . The transcription-driven triplex formation with a Pu RNA third strand (12, 13, 27) may warrant further investigation since previous attempts to ®nd the stability conditions for such triplexes were unsuccessful (49) . Structural models for long (GAA) n´( TTC) n repeats (n > 75) may need additional experimental support. For example, two different`sticky DNA' structures have been proposed for long (GAA) n´( TTC) n repeats in supercoiled DNA: either a bitriplex or one long triplex of the Py´Pu´Pu type (28, 29) . For shorter repeat lengths (n = 9, 23, 42) amenable to structural analysis at a nucleotide resolution, we were only able to observe intramolecular triplexes of the Py´Pu´Py type (H-DNA). Even Mg 2+ addition could not induce isomerization of the structure into the Py´Pu´Pu type (H¢-DNA). The propensity of (GAA) n´( TTC) n repeats in supercoiled DNA to form H-DNA may be related to the high AT-content of the repeats. Previously, the (A) n´( T) n sequences were shown to form only H-DNA but not H¢-DNA (50, 51) . The (AG) n´( TC) n repeats were capable of forming the H¢-DNA but only in the presence of strong triplex stabilizers such as transition metal cations that may not be physiologically available (40, 52) . Magnesium cations at cellular abundance could stabilize H¢-DNA only in the (G) n´( C) n sequences or when most of the adenines in the Py´Pu sequences were replaced with thymines (37, 38) .
Biological relevance of non-B-DNA structures within the (GAA) n´( TTC) n repeats Several models of triplex formation (14, 28, 29, 45 and this work) together with the proposal of hairpin formation (21)
demonstrate the structural versatility of the (GAA) n´( TTC) n repeats. Different aberrant structures in the (GAA) n´( TTC) n repeats may form during several different biological functions. Transcription through the repeats apparently results in the formation of inappropriate DNA or DNA/RNA structures that result in the decreased amounts of nascent RNA strands (12± 14). Several relevant models of transcription-dependent triplex formation have been proposed. One of them suggests the formation of H-DNA by wrapping part of the GAA tract, which became single-stranded during transcription, as the third strand, whereas the unwound part of the TTC template and nascent RNA separate and remain single-stranded (13, 14) . A variant of this structure includes the preservation of the double-stranded hybrid between the TTC template and nascent RNA formed during transcription (13) . One more structure presumably forms between the double-stranded (GAA) n´( TTC) n repeats and a nascent GAA RNA strand (12, 13) . All of these structures may trap RNA polymerase between the duplex and triplex DNA behind and in front of the moving enzyme, respectively, thereby inhibiting RNA synthesis and the subsequent synthesis of the protein frataxin. Such an inhibitory effect of the (GAA) n´( TTC) n repeats is greater at longer repeat lengths.
Before the repeats may elicit their deleterious effect on gene expression, they need to expand long enough to form suf®ciently stable aberrant structures. That is where the structural effects in the repeats during replication become relevant. From our data and the results of Gacy et al. (45) one may suggest at least two possible mechanisms. One is the DNA polymerase blockage by a pre-existing H-DNA that may easily form, according to our results. An immediate effect can be a stalled replication (38) . Upon the DNA polymerase dissociation from a stalled replication fork and its possible rebinding in an attempt to overcome an obstacle (53) , the nascent DNA strand may slip on a repeating template and form a loop of several extra trinucleotides. If the rebound polymerase successfully continues DNA replication, then several extra trinucleotides are included in the replicated strand which results in the expansion of the (GAA) n´( TTC) n repeats in the progeny cells. In the worst-case scenario, such DNA polymerase dissociation/binding may repeat, thereby leading to the so-called reiterative DNA synthesis and larger expansions (54) . It is interesting to note that at the premutation repeat length associated with the propensity to hyperexpand the structure formed is a bi-triplex, which may be a stronger replication block than a simple H-DNA. Somewhat similarly, DNA polymerase may be blocked by template folding (45) . It is possible that DNA polymerase dissociation/rebinding may be accompanied by looping-out of the slipped nascent strand and, eventually, by an addition of extra trinucleotides in the replicated DNA (45) .
